People with exaggerated exercise blood pressure (BP) have adverse cardiovascular outcomes. Mechanisms are unknown but could be explained through impaired neural baroreflex sensitivity (BRS) and/or large artery stiffness. This study aimed to determine the associations of carotid BRS and carotid stiffness with exaggerated exercise BP. 
Introduction
High blood pressure (BP) is the largest contributor to the global burden of cardiovascular disease. 1 Gaining more understanding of the mechanisms underlying the development of high BP, as well as better characterization of the hypertension phenotype (at rest or during exercise), are important goals for improving risk identification and treatment. 2 Screening for risk related to BP is often assessed in the clinic at rest, yet even among people with apparently controlled resting clinic BP (<140/90 mmHg), exaggerated exercise BP at light-tomoderate intensity predicts future development of hypertension 3, 4 and cardiovascular events. 5 Thus, BP responses during exercise stress testing offers an opportunity to identify people at risk otherwise missed by clinic BP screening. Despite the possible clinical value, mechanisms of exaggerated exercise BP are not fully understood, although abnormalities of both baroreflex sensitivity (BRS) 6 and arterial stiffness have potential causative roles. 7 Acute modulation of BP changes in response to physiological challenges, such as exercise, are regulated by BRS and other mechanisms to balance sympathetic and parasympathetic tone. 8 Stretch-sensitive (baro-) receptors within the carotid artery and aortic arch trigger reflex cardiovascular responses to modify cardiac contractility, heart rate, peripheral resistance, and venous return. 9 Baroreflex sensitivity has a vascular component because receptor activation is caused by arterial wall deformation; thus for similar BP changes, baroreceptor stretch is lower for stiff arteries than for distensible arteries. There is also a neural component which includes afferent nerves, grey matter nuclei, efferent nerves, and effectors (heart, vessels mainly). 10, 11 Importantly, the correlations between global BRS function and arterial stiffness might be influenced by the fact that the vascular and neural components of BRS were not studied separately. [12] [13] [14] Only one large population study has reported an association between increased central artery stiffness and exaggerated exercise BP, but this was without consideration of neural BRS. 7 To our knowledge no study has assessed the independent relations of both neural BRS and arterial stiffness with exercise BP (in other words to dissociate the contributing effect of neural BRS from that of arterial stiffness on exercise BP). This study sought to determine this by novel techniques to measure these variables at the same arterial location among a large study sample.
Methods

Subjects and study overview
Participants were issued from the Paris Prospective Study III cohort for which the rationale and detailed methods have previously been reported. 15, 16 In brief, this is a study of 10 157 French men and women aged 50-75 years who are currently followed over at least 10 years with the goal of identifying associations between cardiovascular indices and sudden cardiac death. Participants were recruited from a large preventive medical centre in Paris that offers a free medical examination every 5 years to working and retired employees (and their families) in the French National Insurance System for Salaried Workers. Resting BP, carotid artery stiffness, and BRS were recorded in a quiet, temperature controlled room (22 ± 1 C) prior to the exercise test in the same room. Self-administered questionnaires were completed to derive information on lifestyle (e.g. diet, physical activity, smoking, alcohol, and social activity), personal and family medical history (e.g. disease status, medication use), and psychological (depressive symptoms) 17 and socioeconomic factors (individual deprivation index). 18 The validated NET-F algorithm was used to estimate cardiorespiratory fitness. 19 Given that in France, by law, ethnicity data cannot be collected, the country of birth of the parents' participants was used as proxy for ethnicity. Participants signed informed consent and the study was approved by the ethics committee of Cochin Hospital, Paris.
Exercise protocol
Participants performed a submaximal step test that consisted of stepping up and down two steps for 2 min at their own pace, with BP recorded immediately after stopping exercise. This protocol induces cardiovascular changes but without maximal effort, therefore, not requiring special medical supervision. step test data from 20 subjects showed a heart rate increase of at least 20% from resting values but remaining <80% of the maximum expected value in all cases. 15 Resting and exercise blood pressure
Resting BP was recorded in triplicate using an Omron 705 C oscillometric device and an appropriate sized cuff after 10 min of supine rest. The mean of the last two measurements were used to classify BP category according to the European Society of Hypertension guidelines (e.g. optimal, normal, high-normal, and hypertension Grades 1, 2, and 3), 27 irrespective of whether antihypertensive medications were being taken. Participants then underwent carotid ultrasound for BRS and stiffness measurement. After this, participants performed the exercise step test with the BP cuff left in situ to enable recording of one BP measurement in the shortest time immediately after participants had stopped exercise (i.e. started within 10 s). The focus of this analysis was on systolic BP because, compared with diastolic BP, this variable undergoes greater increases and is more likely to reveal exercise BP abnormalities, but is less susceptible to measurement error during exercise. Exaggerated exercise systolic BP was defined as > _150 mmHg because this threshold during the early phase of treadmill exercise (i.e. corresponding to light to moderate intensity exercise) is associated with increased target organ damage, 23 as well as presence of hypertension (based on 24 h ambulatory BP monitoring). 24 
Baroreflex sensitivity
Heart rate and R-R interval was continuously monitored via 3-lead micro-recorder during the entire testing procedure. Neural BRS was calculated from carotid distension rate (Ddiameter/D time) and heart rate using fast Fourier transformation and cross-spectral analysis according to the method previously described. 16 Briefly, ultrasound images of the right common carotid artery were obtained using an ArtLab echotracking system (Esaote, Maastricht, the Netherlands) with a 7.5 MHz linear array transducer. Beat-by-beat carotid distension rate and R-R interval were recorded at 600 Hz over at least 5 min, with an artefact-free period of 256 heartbeats selected for spectral analysis. The low-frequency gain corresponding to neural BRS sympathetic tone was defined as the transfer function magnitude between output (R-R interval) and input (carotid distension rate) within the frequency band of 0.04 to 0.15 Hz. 28 High frequency variability of distension and heart rates corresponded to parasympathetic tone as previously summarized. 15 . 
Carotid stiffness
From the same ultrasound method used to derive BRS, the time delay between two adjacent carotid artery distension waveforms averaged over 5 min was used to calculate carotid stiffness (m/s), with timing between the foot of each waveform gated to the electrocardiogram signal. 29 Carotid intima media thickness, internal and external diameters (D i and D e ) were also measured. Carotid pulse pressure was obtained by integration of the carotid distension waveform. 30 Radial wall strain was
The distensibility coefficient was calculated as DC = RS/PP, where PP was the carotid pulse pressure. Young's Elastic Modulus was calculated as {Einc
2 )]/ DC}. 15 Importantly, both BRS and carotid stiffness were evaluated in resting conditions 10 min before beginning the step test, implying that the abnormalities detected were not the consequences of the exercise.
Statistical analysis
Data were summarized using mean [standard deviation (SD)] or median (Q1-Q3) for continuous variables when appropriate and n (%) for categorical variables. To determine associations with exaggerated exercise BP relative to resting BP levels, stratified analyses were conducted with participants classified according to European Society of Hypertension office resting BP categories. 27 There were only 383 participants with hypertension Grade 2 or above, thus all participants with BP > _ 140 and/or > _90 mmHg, i.e. with hypertension Grade 1 or above were analysed as one group. Given the moderate correlation (correlation coefficient = 0.12) between neural BRS and carotid stiffness in our study, they were systematically considered in the same model. Hence, odds ratio (OR) and 95% confidence intervals (CI) of lower neural BRS (per SD decrement of low frequency gain) and higher carotid stiffness (per 1 m/s) variables for association with exaggerated exercise BP were estimated using logistic regression firstly adjusted for these two parameters (model M0) and subsequently adjusted for age, sex, body mass index, smoking status, alcohol status, total cholesterol, high density lipoprotein cholesterol, resting heart rate, and BP lowering medications (model M1). Interactions between neural BRS and carotid stiffness were explored in the fully adjusted model by including interaction terms, but there were no significant effects (P > 0.10 for all) and therefore not reported. For all other analyses, a two-tailed P-value <0.05 was considered statistically significant. Analyses were conducted using SAS 9.4 (Statistical Analysis System, Cary, NC, USA).
Results
Participants and general characteristics
The study population includes 8976 participants (5501 men, 3475 women) aged 59.4 (6.2) who performed an exercise step test and had resting BP values. As reported on Supplementary material online, Table S1 , excluded participants had worse baseline characteristics including higher baseline BP, lower BRS, and higher carotid stiffness.
As shown in Supplementary material online, Table S2 , participants with higher resting BP tended to be older and more often men, and to have poorer cardiometabolic characteristics. There were no significant differences between groups for reported physical activity or history of cardiovascular disease.
Blood pressure, baroreflex sensitivity, and carotid stiffness Table 1 presents the BP, carotid artery, and BRS variables according to resting BP categories. As resting BP level increased there were significant trends for higher exercise BP, as well as increased prevalence of exaggerated exercise BP. However, the change in systolic BP from rest to exercise declined with increasing category of resting BP (a boxplot of these data are presented in see Supplementary material online, Figure S1 ). The mean (SD) increase in BP and heart rate induced by the step test in all subjects was 23 (15) mmHg for systolic BP, 3 (8) mmHg for diastolic BP, and 22 (10) b.p.m. for heart rate. As expected, carotid artery stiffness increased, but BRS decreased, across categories of increased resting BP. Figure 1 .
Associations with exaggerated exercise blood pressure
The summary of results from the logistic regression models are presented in Table 3 and in Figure 2 . When only considering carotid stiffness and lower BRS in the model (model M0), carotid stiffness was associated with exaggerated exercise BP in participants with high normal hypertension (P = 0.05) and in participants with hypertension (P = 0.02). However, after additional adjustment for cardiovascular risk factors (model M1), irrespective of resting BP category, carotid stiffness was no longer significantly associated with exaggerated exercise BP (P > _ 0.21 for all). Findings were similar when carotid stiffness was replaced with Young's Elastic Modulus (P > _ 0.14 for all). However, impaired BRS (i.e. reduced low frequency gain) was associated with significantly increased odds for having exaggerated exercise BP among participants with optimal resting BP, as well as those with high-normal resting BP or hypertension. This was observed in analysis mutually adjusted for carotid stiffness (model M0) and in multivariate analysis (model M1). High frequency gain was not significantly associated with exercise hypertension. The ORs related to the covariables of the multivariate analysis are detailed in Supplementary material online, Table S3 .
Higher body mass index and higher resting heart rate were systematically and independently associated with exaggerated exercise BP in all strata of resting BP. There were similar results when analyses were restricted to only those participants who were not taking any BPlowering medications (n = 7867). Also, there were similar results when exercise SBP was analysed as a continuous outcome (see Supplementary material online, Table S4 ); the only difference was in the 'Hypertension' category in which both impaired BRS and higher carotid stiffness were statistically significant, whereas higher carotid stiffness was not significant in the initial analysis. Supplementary material online, Table S5 presents an additional sensitivity analysis regarding the impact of physical activity and cardiorespiratory fitness on the main results, which were unchanged. Lastly, there was no significant interaction between sex-BRS or ethnicity-BRS and exaggerated BP exercise in any of the resting BP strata (all P values >0.10; data not shown).
Discussion
Exaggerated exercise systolic BP has clinical relevance above and beyond resting clinic BP, mechanisms of exercise BP abnormalities. The novel findings of this study were that impaired neural BRS was associated with exaggerated exercise systolic BP responses independent from arterial (carotid) stiffness and other cardiovascular risk factors among a large community sample. Importantly, above and beyond the presence of hypertension based on resting BP, independent associations of BRS with exaggerated exercise BP were also observed among people with optimal resting BP, implying that impaired BRS could be an early indicator of risk not yet apparent from resting BP. The rationale for arterial stiffness leading to higher exercise BP is based on augmented stroke volume during exercise being ejected into a stiffened proximal aorta that fails to appropriately buffer rises in BP. Nevertheless, focusing only on arterial stiffness does not account for other independent factors that would offset the contribution from wall stiffness alone. For example, a smaller aortic diameter relative to stroke volume or inadequate peripheral vasodilation (irrespective of stiffness) during exercise will each lead towards increasing exercise BP. Based on our study findings, we may also propose that increased arterial stiffness leads to reduced stretch of the carotid wall in response to BP changes, and because maintenance of BP to postural changes is crucial, the decrease in the arterial BRS component may be compensated by exaggerated neural BRS. Failure of this phenomenon may lead to improper buffering of exercise induced BP increases.
To our knowledge, the Framingham Heart Study is the only population-based sample to report on the relation between aortic stiffness and exercise BP, 7 but no measure of BRS was considered in this analysis. The authors themselves also acknowledged that the relation of aortic stiffness with exercise BP should be viewed as 'possibly of interest pending further investigation by others'. 7 Our study does not support a major role of arterial stiffness, albeit acknowledging differences in study design may be influencing the discrepant results (i.e. treadmill vs. step-test exercise protocols and aortic vs. carotid stiffness using different methods). On the other hand, our findings are in agreement with the Framingham Study with respect to cardiovascular risk factors (body mass index and heart rate) associated with raised exercise BP. The BP and heart rate responses to exercise are regulated through reflex actions from carotid artery stretch receptors. 32 The key role of BRS in modulating exercise BP in particular was illustrated experimentally among dogs, where acute denervation of carotid baroreceptors caused major exacerbations of BP, both during and after stopping exercise, but without sizeable effects on either heart rate or cardiac output. 33, 34 In healthy exercising subjects, carotid baroreflexmediated changes in BP are mainly caused by peripheral vascular resistance, as distinct from the resting state where heart rate and cardiac output have greater relative contribution to BP variability. 35 We speculate that increased peripheral vascular resistance from neural BRS dysfunction was a key contributor to exaggerated exercise BP because there were only very small differences in resting and exercise heart rates across BP categories despite increasing prevalence of exaggerated exercise BP ( creates a 'resetting' of the baroreflex so that changes in BP with exercise are regulated around a higher set point. 6, 36 Such resetting could occur if subjects were chronically exposed to higher ambulatory BP during daily life. In the early stages of dysfunction, subjects may have normal resting BP and the abnormality may be revealed from the excessive exercise BP, 24, 37 or by deficits in BRS function as an early pathological indicator prior to overt hypertension evident under resting conditions. Both impaired BRS 38, 39 and exaggerated exercise BP 3, 5 have each proven to have prognostic value, and there are potential clinical implications from this study. Firstly, the present associations between impaired BRS and exaggerated exercise BP among people with resting BP well below the hypertensive threshold indicates that resting clinic BP does not capture the full potential magnitude of risk stratification, even when measured to a high-quality, research-grade standard (i.e. several readings after 10 min supine rest). Our observations also strengthen the case for abnormal rises in exercise BP at low intensity effort to be viewed as a warning signal on the possible presence of added cardiovascular risk that is missed with resting BP screening (here evident through neural BRS abnormalities). This still applies to people with optimal resting BP according to hypertension management guidelines 27 and after correction for standard cardiovascular risk factors. Although not specifically addressed in our study, the findings emphasize the value of regular physical exercise to prevent cardiovascular disease, 40 potentially via improved BRS and BP control.
41-43
Limitations
The strengths of this study include the large, well-characterized community sample. We have also used highly sensitive methods to detect neural BRS at the same site as carotid stiffness but enabling separate assessment on the associations of both BRS and arterial stiffness with exercise BP. Limitations of the study include the non-longitudinal design that cannot attribute causality; the clinical value of impaired BRS remain to be determined. For this, the ongoing longitudinal Figure 2 Odds ratio (mean 95% confidence intervals) for the associations of higher carotid stiffness (per 1 m/s) and lower baroreflex sensitivity (low frequency gain, per standard deviation decrement) with exaggerated exercise blood pressure stratified by categories of resting blood pressure. Odds ratios and 95% confidence intervals derived from logistic regression analysis adjusted for carotid stiffness, low frequency gain, age, sex, body mass index, smoking, alcohol, total cholesterol, high density lipoprotein cholesterol, resting heart rate, and blood pressure lowering medications as covariates. examination with linkage to clinical outcomes will be contributive. Also, all possible covariables could not be accounted for, and results may have differed if we had recorded such factors as cardiac function or cardiorespiratory fitness, which may influence both BRS and arterial stiffness. 44, 45 For the latter however, adjustment for estimated cardiorespiratory fitness did not modify our main study results. Furthermore, the exercise protocol was performed with each participant stepping at their own pace so that the intensity was not standardized, did not cover the spectrum of exercise intensities from light to maximal, and could not be controlled for in the analysis. This approach was decided due to feasibility issues of performing exercise among a large population cohort in a health centre, and it precludes the ability to determine exercise BP thresholds denoting increased risk. On the other hand, the test is still relevant to daily life physical stress. Lastly, when using a threshold of 150 mmHg to define exaggerated BP response to exercise, it is conceivable that a minimal or no increase during exercise might result in a classification into the 'exaggerated' category in people with resting systolic BP > 140/ 90 mmHg. In summary, this study found that lower neural BRS, but not large artery stiffness, was independently associated with abnormally raised exercise systolic BP in response to submaximal exercise. Importantly, associations were apparent among people with resting BP levels under the threshold for hypertension and even among those with optimal BP. These results provide further understanding of the phenotype in which BP during exercise is abnormally raised, and also provide possible clues to the links between adverse outcomes among people with exaggerated exercise BP.
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